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Exploding Stars, Near and Far

advisor: Prof. Robert P. Kirshner Saurabh Jha

Abstract

Type Ia supernovae (SNe Ia) play a key role in recent advances in our
understanding of the Universe. We present cosmological applications of SNe Ia,
including observational results as part of an ongoing campaign at the Harvard-
Smithsonian Center for Astrophysics to monitor newly discovered SNe Ia at the
F. L. Whipple Observatory (FLWO). We describe observations and analysis of SN
1998bu in M96, the only SN Ia yet to have appeared in a galaxy with a previously
measured Hubble Space Telescope Cepheid distance. We show that SN 1998bu was a
normal, reddened SN Ia and use it to constrain the Hubble constant, with attention
to systematic uncertainties. We also present the largest set of SN Ia photometry
published to date, consisting of 2190 UBVRI FLWO CCD observations of 44 SNe
Ia discovered between 1997 and 2000. The large, homogeneous sample of U-band
light curves is unique, with important applications to SN Ia at high redshift, and we
present the first detailed description of SN Ia U-band properties. We also develop
MLCS2k2, a new incarnation of the Multicolor Light Curve Shape method to measure
SN Ia distances, incorporating the U-band and other improvements. Application of
MLCS2k2 to a large sample of Hubble-flow and Cepheid-calibrated SNe Ia yields
an estimate of Hy = 66 + 3 (random) +7 (systematic) or 76 3 + 8 km s~! Mpc~!,
depending on which of two discrepant sets of Cepheid distances is used. With the
High-Z SN Search Team, we present cosmological constraints on the dark energy
equation of state, and combined constraints on Q) and Q4 from SNe Ia and the
cosmic microwave background. Finally, via observations at FLWQO, we measure the

redshift of an extremely distant exploding star, GRB 010222, at z = 1.477.
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The world goes round
Or we get throun
Into the stars.
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Chapter 1

Introduction

Aside from providing a cute near-rhyme, the title-of this thesis really emphasizes its
focus: measuring distances in the Universe. The linking of distance and time by the
speed of light enables us to answer amazingly fundamental cosmological questions
by measuring precise distances: how old is the Universe? how fast is it expanding?
how did it evolve in the past and what does the future hold? what is the Universe
made of? Nature has been kind to provide us with an excellent tool, exploding
white dwarfs called type Ia supernovae, which can be used to measure distances to
galaxies right next door as well as galaxies halfway across the observable Universe.
Here we describe a number of observational projects involving SNe Ia, sharpening

and applying these cosmological tools.

In Chapter 2, we present detailed spectroscopic and photometric optical and
near-infrared observations of SN 1998bu in M96, published as Jha, Garnavich,
Kirshner, Challis, et al. 1999, ApJS, 125, 73. This SN Ia is unique, as it occurred in

a galaxy with an already measured HST Cepheid distance. Multicolor light curves of
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SN 1998bu, from a large number of telescopes, showed it to be a normal SN Ia, but
significantly extinguished by dust in its host galaxy. We used SN 1998bu and three
other Cepheid-calibrated SNe Ia, along with a sample of 42 SNe Ia in the Hubble
flow, to constrain the Hubble constant, paying particular attention to sources of
systematic uncertainty, such as the metallicity-dependence of the Cepheid distance

scale and the distance to the Large Magellanic Cloud (LMC).

A large fraction of the SN 1998bu observations were taken as part of our
Harvard-Smithsonian Center for Astrophysics cooperative supernova monitoring
campaign, with photometry using the F. L. Whipple Observatory (FLWO) 1.2m
telescope, and spectroscopy from the FLWO 1.5m telescope. We present the recent
SN Ia photometry from this campaign in Chapter 3, with 44 UBVRI light curves of
SN Ia discovered (by others) during 1997 to 2000. This is the largest homogeneously
observed and reduced set of SN Ia photometry to date. The U-band data are a
new and timely development, with application to high-redshift SN Ia in which
other bands redshift out of the optical passbands. We describe the properties of
SN Ia U-band light curves and colors, and note an increased intrinsic dispersion
in the U-band peak magnitude relative to other bands, that is not the result of
reddening or variations in the reddening law. It is quite likely the photometric data
tables presented will have the highest long-term value of anything in this thesis.
Consequently, we take care to characterize the natural system of the photometric

observations and our transformations of the data to standard passbands.

Turning SN Ia photometry in a number of passbands to a distance measurement
requires tools to determine the intrinsic luminosity and extinction along the line of

sight. In Chapter 4 we develop a new incarnation of the Multicolor Light Curve
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Shape method (Riess, Press, & Kirshner 1996, ApJ, 473, 88) dubbed MLCS2k2 (we
hope the paper appears this year!) which simultaneously fits UBVRI light curves for
model parameters of interest. We describe a number of improvements to the method,
including incorporation of more precise K-corrections and a new framework for
describing extinction. We also include the ability to impose prior constraints on any
of the model parameters, making the method more versatile when the photometry
is sparse but other data (such as spectroscopy) is available. We apply MLCS2k2
to a nearly doubled sample (compared to Chapter 2) of Hubble-flow SNe Ia and a
doubled sample of Cepheid-calibrated SNe Ia and estimate Hy = 66 &+ 3 (random)
+7 (systematic) or 76 £ 3 + 8 km s~ Mpc™!, depending on which of two groups’

Cepheid distances are used.

As part of the High-Z Supernova Search Team, we present analysis of
high-redshift SN Ia data in Chapter 5, adapted from Garnavich, Jha, et al. 1998,
ApJ, 509, 74 and Jha & the High-Z SN Search Team 2001 (astro-ph/0101521). We
use observations of high-redshift SN Ia to constrain the equation of state of the
dark energy responsible for acceleration of the cosmic expansion. We also refine the
estimates Qy and {2 based on nearly orthogonal constraints from SNe Ia and the
cosmic microwave background (CMB) power spectrum. We have also updated these

constraints to reflect the most recent SN Ia and CMB results.

Our SN monitoring campaign at FLWO includes spectroscopy as well as
photometry, through (dark-)nightly “combo” requests to the FLWO 1.5m telescope
+ FAST spectrograph. We provide the spectroscopic classification of a large fraction
of newly discovered low-redshift supernovae, published in the form of IAU Circulars.

The slightly self-indulgent Figure 1.1 shows my first IAU circular on supernovae

3



Circular No. 6641

Central Bureau for Astronomical Telegrams
INTERNATIONAL ASTRONOMICAL UNION

Mailstop 18, Smithsonian Astrophysical Observatory, Cambridge, MA 02138, U.S.A.

[AUSUBSGCFA.HARVARD.EDU or FAX 617-195-7231 (subscriptions)
BMARSDENQCFA.HARVARD.EDU or DGREENOCFA.HARVARD.E?DU (science)
URL http://cfa-wwu.harvard.edu/cfa/ps/cbat .htal
Phone 617-195-7244/7440/ 7441 (for emergency use only)

SUPERNOVA 1997bz IN ANONYMOUS GALAXY

The Mount Stromlo Abell Cluster Supernova Search Team (cf. JAUC
6418, 6639) reports the discovery of an apparent supernova (V' ~ 17.5) on
V" and R CCD images taken on Apr. 27 by S. Chan on the Mount Stromio
1.27-m telescope (+ Macho Camera). SN 1997bz is located near Abell
1238 at & = 11"22™25%46, § = +1°11'21"5 (equinox 2000.0). No star was
detected at this position on frames taken on Apr. 11. SN 1997bz is also
visible on CCD images taken with the Mount Stromlo 1.27-m telescope on
Apr. 30. A nearby star has position end figures 22456, 13'24"8.

S. Jha, P. Challis, P. Garnavich, and R. Kirshner, Harvard-Smithson-
ian Center for Astrophysics, write: “Spectrograms were obtained by P.
Berlind at the 1.5-m Tillinghast reflector on Apr. 30.18 UT and by P.
Challis at the Multiple Mirror Telescope on May 2.15. The spectra are
heavily contaminated by the host galaxy, but they indicate that SN 1997bz
is of type Ia, slightly more than one week after maximum. The redshift
derived from Ha emission in the host galaxy is 0.03, implying that it is in
the foreground of the cluster (which is at redshift 0.072).”

COMET C/1995 O1 (HALE-BOPP)

R. Meier, University of Hawaii (UH); H. Matthews, Joint Astronomy
Centre, Hilo, and National Research Council of Canada; T. Owen and D.
Jewitt, UH; M. Senay, University of Massachusetts; and N. Biver, D. Gau-
tier, D. Bockelée-Morvan, and J. Crovisier, Observatoire de Paris, Meudon,
report the detection of DCN in comet C/1995 O1 with the James Clerk
Maxwell Telescope at Mauna Kea on Apr. 27.9 UT: “The 100 detection of
the DCN 5-4 transition at 362.046 GHz was taken together with a quasi-
simultaneous measurement of the HCN 4 3 line. Prior observations of HCN
and H;3CN 4-3 lines will allow an accurate, essentially model-independent
determination of the D/H ratio in cometary HCN. Qur preliminary analy-
sis leads to an approximate DCN/HCN ratio on the order of 10~3. At the
time of the observations, the comet was passing in front of the Taurus dark
clouds, and we have been careful to exclude the possibility of contamina-
tion by background sources. The detection of DCN is the first detection
of cometary deuterium in a molecule other than water. The availability
of a D/H ratio in both water (TAUC 6615) and a carbon-nitrogen-bearing
molecule may provide fundamental information on the origin and evolution
of comets.”

1997 May 5 © Copyright 1997 CBAT Daniel W. E. Green ——

Figure 1.1.— [AU Circular on spectroscopy of SN 1997bz, my first type-Ia supernova.



(with hundreds to follow); it is fitting that SN 1997bz was a type Ia! The daily
coordination of observations of astronomical transients provided a clear path to
research on gamma-ray bursts, not so very different than supernovae. In fact, we
have shown that the cosmological GRB 011121 had SN 2001ke as its progenitor
(Garnavich et al. 2002, astro-ph/0204234). In Chapter 6, we present rapid
spectroscopic observations of GRB 010222 with the FLWO 1.5m telescope, and
measure the distance to this exploding star, z = 1.477. We also provide quantitative
estimates of the likelihood that the GRB really is associated with the presumed host

galaxy, and constrain the host-galaxy extinction law.

Finally, in Chapter 7, we conclude and present future prospects for SN

Ia research. In particular, we discuss three prajects that are direct and natural
extensions of work contained in this thesis. First, we describe tests of cosmological
inferences based on high-redshift supernovae through observations covering the
wide UBVRI wavelength range. Second, we detail our efforts soon to be underway,
trying to measure SNe Ia at very high redshift in the epoch of deceleration, before
dark energy dominated the expansion. These observations require HST, and the
U-band light curve information developed here is an essential underpinning. Last,
we describe a proposed project aimed at constraining the equation of state of the
negative pressure component more strongly than the results in Chapter 5, hopefully

leading us to understand what the dark energy really is.



Chapter 2

The Type Ia Supernova 1998bu in

M96 and the Hubble Constant

Saurabh Jha, Peter M. Garnavich, Robert P. Kirshner, Peter Challis, Alicia M. Soder-
berg, Lucas M. Macri, John P. Huchra, Pauline Barmby, Elizabeth J. Barton,
Perry Berlind, Warren R. Brown, Nelson Caldwell, Michael L. Calkins, Sheila J. Kan-
nappan, Daniel M. Koranyi, Michael A. Pahre, Kenneth J. Rines, Krzysztof Z. Stanek,
Robert P. Stefanik, Andrew H. Szentgyorgyi, Petri Viisinen, Zhong Wang,
Joseph M. Zajac, Adam G. Riess, Alexei V. Filippenko, Weidong Li, Maryam Mod-
jaz, Richard R. Treffers, Carl W. Hergenrother, Eva K. Grebel, Patrick Seitzer,
George H. Jacoby, Priscilla J. Benson, Akbar Rizvi, Laurence A. Marschall,
Jeffrey D. Goldader, Matthew Beasley, William D. Vacca, Bruno Leibundgut,
Jason Spyromilio, Brian P. Schmidt, and Peter R. Wood 1999, The Astrophysical

Journal Supplement Series, 125, 73



Abstract

We present optical and near-infrared photometry and spectroscopy of the type Ia
SN 1998bu in the Leo I Group galaxy M96 (NGC 3368). The data set consists
of 356 photometric measurements and 29 spectra of SN 1998bu between UT
1998 May 11 and July 15. The well-sampled light curve indicates the supernova
reached maximum light in B on UT 1998 May 19.3 (JD 2450952.8 + 0.8) with

B =12.22 + 0.03 and V" = 11.88 % 0.02. Application of a revised version of the
Multicolor Light Curve Shape (MLCS) method yields an extinction toward the
supernova of Ay = 0.94 £ 0.15 mag, and indicates the supernova was of average
luminosity compared to other normal type Ia supernovae. Using the HST Cepheid
distance modulus to M96 (Tanvir et al. 1995) and the MLCS fit parameters for the
supernova, we derive an extinction-corrected absolute magnitude for SN 1998bu at
maximum, My = —19.42 + 0.22. Our independent results for this supernova are
consistent with those of Suntzeff et al. (1999). Combining SN 1998bu with three
other well-observed local calibrators and 42 supernovae in the Hubble flow yields a
Hubble constant, Hy = 64 km s™! Mpc~!, where the error estimate incorporates
possible sources of systematic uncertainty including the calibration of the Cepheid
period-luminosity relation, the metallicity dependence of the Cepheid distance scale,

and the distance to the LMC.



2.1 Introduction

Type Ia supernovae (SNe Ia) have recently assumed an elite status at the top rung
of the cosmic distance ladder. Comprehensive studies of SNe Ia have established
their general spectroscopic and photometric homogeneity, along with quantifiable
diversity. SNe Ia make reasonably good standard candles (Kowal 1968; Sandage &
Tammann 1993; Branch & Miller 1993) and excellent calibrated candles (Phillips
1993; Hamuy et al. 1995, 1996b; Riess, Press, & Kirshner 1995a, 1996a; Tripp 1998;
Phillips et al. 1999) which, combined with their high intrinsic luminosity, makes
them superb indicators of very large distances and a powerful tool for cosmology

(Branch 1998, and references therein).

The downside is that SNe Ia are rare and fleeting, making them more
challenging to study than other astronomical distance indicators. Nevertheless,
recent applications of these “standard bombs” have been numerous. Within a few
hundred Mpc, they have been used to measure the expansion of the Universe: with
recession velocities of their host galaxies and distances to individual SNe Ia, the
Hubble law has been tested to redshifts z ~ 0.1 at high precision (Hamuy et al.
1996b; Riess, Press, & Kirshner 1996a; Tammann 1998). SNe Ia have also been
used to measure peculiar motions of galaxies and large scale flows (Tammann &
Leibundgut 1990; Miller & Branch 1992; Jerjen & Tammann 1993; Riess, Press, &
Kirshner 1995b; Riess et al. 1997a; Zehavi et al. 1998; Tammann 1998) as well as to
provide constraints on the properties of extragalactic dust (Riess, Press, & Kirshner
1996b). At larger distances, SNe Ia serve as standard clocks: cosmological time

dilation has been demonstrated by comparing light curves of distant supernovae



with light curves from those nearby (Leibundgut et al. 1996; Goldhaber et al. 1997),
as well as from the relative rates of spectral evolution (Riess et al. 1997b). Most
recently, SNe Ia have been used to measure luminosity distances at high redshift
(0.3 < z £ 1.0), from which the geometry and expansion history of the Universe can
be determined (Ngrgaard-Nielsen et al. 1989; Perlmutter et al. 1995; Schmidt et al.
1998). These measurements have likely tolled the death knell of standard (Qy = 1)
cold dark matter (CDM) cosmology, strongly disfavoring the possibility of enough
gravitating matter to flatten the Universe (Perlmutter et al. 1998; Garnavich et al.
1998a). Even more surprisingly, preliminary indications show that the expansion
is accelerating at the current epoch (Riess et al. 1998a; Perlmutter et al. 1999),
inconsistent with the idea that ordinary matter is the dominant component of the
Universe’s energy density. Alternatives such as a cosmological constant, or other
forms of energy density similar to it, seem to be favored (Garnavich et al. 1998b;
Perlmutter et al. 1999). Combined with constraints from the cosmic microwave
background anisotropy power spectrum, the supernovae have also given preliminary
indications for a Universe with zero global curvature (Garnavich et al. 1998b; White
1998; Lineweaver 1998; Tegmark 1999; Efstathiou et al. 1999; Perlmutter, Turner, &

White 1999; Roos & Harun-or-Rashid 1999).

These studies rely on SNe Ia only as bright, precise, relative distance indicators.
However, the determination of the expansion rate of the Universe, the Hubble
constant, and the age of the Universe require an accurate absolute distance scale.
Measuring absolute distances to SNe Ia requires calibrating them through objects on
lower rungs of the distance ladder. The best distance indicator for this remains what

it has been since the days of Hubble himself: § Cephei variable stars. Cepheids are



bright enough to be studied in nearby galaxies, including those which have hosted
SNe Ia. In addition they can be found in significant numbers, which allows for a
precise mean period-luminosity (PL) relation to be constructed and compared to
nearby samples. In general Cepheids in external galaxies are compared to Cepheids
in the Large Magellanic Cloud (LMC), whose distance is calibrated through a variety
of means (not always with the same result, cf. Section 2.5.2.3). The importance of
Cepheids to calibrate secondary distance indicators (including SNe Ia) prompted
the creation of the Hubble Space Telescope (HST) Key Project on the Extragalactic
Distance Scale, which has measured Cepheid distances to a number of nearby
galaxies (Freedman et al. 1994, 1998 and references therein). Another HST effort
has been underway to measure Cepheid distances to galaxies that have hosted
SNe Ia, to calibrate them specifically (Sandage et al. 1992; Saha et al. 1997, and
references therein). At present the use of SNe Ia to measure the Hubble constant
is limited by the paucity of local calibrators, not by the number or precision of

distances to objects in the Hubble flow.

Nature has been kind by providing us with SN 1998bu in the Leo I Group
galaxy M96 (NGC 3368), for which a Cepheid distance had already been obtained
with HST by a third group, Tanvir et al. (1995). In this paper we calibrate
the absolute magnitude of SN 1998bu through extensive optical and near-infrared
photometry and spectroscopy. In §2 we describe our observations and reduction
procedure. In §3 we derive parameters of SN 1998bu, including the extinction along
the line of sight as well as a quantitative estimate of the intrinsic luminosity of SN
1998bu compared to other SNe Ia. In §4 we combine the properties of SN 1998bu

with other Cepheid-calibrated SNe Ia and SNe Ia in the Hubble flow to determine
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the Hubble constant (Hp) and its statistical uncertainty. We discuss our results,

sources of systematic error, and implications for the age of the Universe, ¢, in §5.
Finally, we conclude and summarize in §6. Independent observations and analysis
of SN 1998bu have been performed by Suntzeff et al. (1999), and we compare our
analysis and results with theirs throughout the paper. Infrared and optical spectra
and uncalibrated light curves of SN 1998bu have also been presented by Meikle &

Hernandez (2000).

2.2 Observations and Analysis

2.2.1 Discovery

SN 1998bu was discovered by the amateur astronomer M. Villi on UT 1998 May 9.9
on CCD images of M96 (Villi 1998). The supernova was located at a = 10"46™46%03,
d = +11°50'07"1 (equinox 2000.0), about one arcminute north of the host galaxy
nucleus (Nakano & Aoki 1998). At the Center for Astrophysics we monitor new,
bright supernovae spectroscopically with the Center for Astrophysics F. L. Whipple
Observatory (FLWO) 1.5-m Tillinghast reflector and FAST spectrograph (Fabricant
et al. 1998), and photometrically with the FLWO 1.2-m reflector in optical and
near-infrared passbands. Our photometric observations of SN 1998bu with the 1.2-m
began on May 11.1, with the new STELIRCAM near-infrared InSb array detector.
The discovery of SN 1998bu ocurred during lunar bright time, and so the 1.5-m

telescope was not equipped with the FAST instrument until May 15.

High resolution spectra taken by Munari et al. (1998) with the Asiago
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Observatory 1.8-m telescope showed interstellar Na I D absorption from our
Galaxy, as well as from M96 at a heliocentric radial velocity of 744.8 + 0.3 km s~!.
Low-disperson spectra of SN 1998bu were taken by Meikle et al. (1998) on May 12.9
and Ayani, Nakatani & Yamaoka (1998) on May 14.5, which revealed the supernova
to be of type Ia about a week before maximum light. Our first spectroscopic

observations of SN 1998bu with the FLWO 1.5-m were taken on May 16.1.

A type Ia supernova in a galaxy whose Cepheid distance had already been
measured by HST (Tanvir et al. 1995) provided a unique opportunity; it was
the opposite of the usual case, in which an HST Cepheid distance to a galaxy
is measured specifically because the galaxy was an SN Ia host. Well-measured
light curves are the key to SN Ia distances, so we undertook extensive photometric

observations in the UBV RIJH K passbands.

2.2.2 Optical Photometry

The plurality of our optical photometric observations (29 nights) was obtained with
the FLWO 1.2-m telescope + “4Shooter” CCD mosaic camera (Szentgyorgyi et

al. 1999). The 4Shooter consists of a 2x2 array of thinned, back-side illuminated,
anti-reflective coated Loral 20482 CCD detectors, situated at the f/8 Cassegrain
focus. The pixel size is 15 um, yielding a scale of (7335 per pixel at the focal plane
and a field of view of approximately 11’4 on a side for each chip, with total sky
coverage of 0.15 deg?. Our observations were taken in a 2x2 binned mode, so that the
resulting images were sampled at 0767 per pixel, well matched to the typical seeing

(1"5-2" FWHM) achieved at this telescope. All observations of SN 1998bu with the
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mosaic were made on the same CCD (chip 1), which has the best combination of
cosmetic characteristics and quantum efficiency. Two nights of observations were
obtained on this telescope with the “AndyCam” instrument, a CCD camera with a
single CCD, very similar to those that make up the 4Shooter. Both instruments have
good ultraviolet and near-infrared response, which enabled us to make observations
in the Johnson UBV and Kron-Cousins RI bandpasses. Our optical filters are
constructed from Schott glass components, as recommended by Bessell (1990) for
coated CCDs. The FLWO BV RI filter prescriptions are described by Riess et

al. (1999); in general they match well the prescriptions of Bessell (1990), though
the FLWO [ filter extends to somewhat longer wavelengths. The FLWO U filter

transmission is also a good match to the Bessell (1990) UX specification.

Our FLWO 1.2-m observations of SN 1998bu are part of an ongoing supernova
monitoring program at CfA. Supernova observations are not well suited to the
scheduled time allocation procedure that is typical at most telescopes. To follow
supernovae, the time allocation committee authorizes us to enlist the generous aid
of the scheduled observers, asking them to devote a small fraction of observing time
(usually limited to ~ 20 minutes per night) to the SN program. We complement
the monitoring observations with scheduled nights (usually one night per month) to
measure fainter objects and perform photometric calibrations. We have been quite
successful observing in this mode; a set of 22 SNe Ia light curves garnered as a result

of this program has been presented by Riess et al. (1999).

The FLWO 1.2-m is equipped with an infrared instrument during bright time,
which provides useful IR supernova data (obtained in a similar observing mode), at

the price of bright-time gaps in our optical light curves. For this object we made

13



a special effort to minimize these gaps by inviting observers at other institutions
to participate. Six epochs of optical photometric observations in UBV RI were
taken at the Michigan-Dartmouth-MIT (MDM) Observatory 2.4-m Hiltner telescope
and direct imager, with the thinned, back-illuminated, 10242 “Charlotte” CCD
detector, located at the f/7.5 Cassegrain focus and providing a 4!7 x 4'7 field-of-view
at 0”28 per pixel. Further observations on two nights were obtained at the Kitt
Peak National Observatory (KPNO) 0.9-m telescope, with the T2KA (20482) CCD
detector at the f/7.5 Cassegrain focus, yielding a 23’ x 23’ field-of-view at 068 per
pixel. Target of opportunity observations were also carried out on five nights during
NOAQO time at the WIYN Observatory 3.5-m telescope with the S2KB (2048%2) CCD

Imager at /6.3 with 0720 per pixel and a 6'8 x 6’8 field-of-view.

Other sites also observed SN 1998bu and we report those data as well. We
include CCD data from the Whitin Observatory 0.6-m telescope at Wellesley College
(eight nights using a 1024 CCD at f/13.5, with a scale of 0”91 per pixel), the
Gettysburg College Observatory 0.4-m (twelve nights using a 1024> CCD at f/11,
0”84 per pixel) and the 0.76-m Katzman Automatic Imaging Telescope (KAIT) at
Lick Observatory run by the University of California, Berkeley (fifteen nights with
a 5122 CCD at /8.2, 063 per pixel). The detectors used in these observations
were not as blue-sensitive as the others, so only BV RI images were taken. Our
observations of SN 1998bu continued until July 2 when it was too close to the setting
sun to provide good photometric data. In total our optical photometric data set

consists of 327 measurements of SN 1998bu.

All CCD observations were reduced (uniformly, beginning with the raw data) in

the standard fashion, with bias subtraction, dark current subtraction (not necessary
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in most cases) and flat-field correction using the IRAF CCDPROC package. Most
of the observations were taken in non-photometric conditions, so we have performed
differential photometry with a sequence of six comparison stars in the supernova field,
shown in Fig. 2.1. Comparison stars 1 and 2 were calibrated on four photometric
nights (two from the FLWO 1.2-m, one each from the MDM 2.4-m and Kitt Peak
0.9-m). Stars 3, 4 and 5 were not in the MDM field of view, so these were calibrated
from three nights. To calibrate the comparison stars into a local standard star
sequence, Landolt (1992) standard fields providing stars in a wide range of color
were observed in UBV RI over a wide range in airmass. The supernova field was
also observed in these filters at an airmass within the airmass range of the standard
star observations. These data were reduced and stellar instrumental magnitudes
were dgtermined from aperture photometry using the APPHOT package in IRAF.
We then derived zero points and transformation coefficients linear in airmass and
color from the standard stars using the prescription of Harris, Fitzgerald, & Reed
(1981). This transformation was then applied to the comparison star instrumental
magnitudes to determine their standard magnitudes. We treated observations from
each photometric night independently, and averaged the final standard magnitudes.
Table 2.1 displays these mean standard magnitudes, along with the error in the mean
determined from the scatter of repeat observations. We also list the comparison star
identification numbers from Suntzeff et al. (1999). Our independent photometry of

the comparison stars agrees well with their results.

To measure the brightness of SN 1998bu, we performed aperture photometry
of the supernova and comparison stars on each image. We derived an aperture

correction determined from one or a few isolated bright stars measured through
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Figure 2.1.— SN 1998bu in M96 with local comparison stars. The field is 7/6 x 7'6;
north is up and east is to the left. The image is a composite of several V-band
observations of SN 1998bu taken with the F. L. Whipple Observatory 1.2-m telescope
in May of 1998.
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circular apertures of varying radii (with sky measurements in a surrounding annulus).
We were thus able to measure the supernova light through a small aperture, so
that noise from the background sky would be minimized. Due to the varying seeing
and pixel scales at the sites, we did not impose a fixed angular size aperture for all
the observations. In all cases, though, the aperture for the supernova instrumental
magnitudes was the same size as the aperture for the comparison stars in the field.
We chose aperture photometry over point-spread-function (PSF) fitting primarily
out of convenience, but also because in many instances the fields were too small or

the exposures too short to reliably determine the PSF from nearby stars.

We also determined the linear color transformation coefficients for each
telescope/instrument /filter combination. At sites which had photometric conditions, -
these were the same as those used in determining comparison star magnitudes. For
the other sites, color terms were determined from observations of either Landolt fields
or other standard star fields but allowing for a varying zero point to account for the
non-photometric conditions. The transformation coefficients were also checked with
the local comparison stars. Color terms for each telescope/filter combination are
listed in Table 2.2. Uncertainties in the transformation coefficients were propagated

to the error estimate in the final photometry.

Since our observations of SN 1998bu used local standard stars at the same
airmass as the supernova, no airmass correction was necessary for the differential
photometry. By using the measured color terms, we only had to determine the
zero point of each frame, by solving for the offset between the comparison star
color-corrected instrumental magnitudes and their standard magnitudes. The zero

point was determined from the flux-weighted combination of all available comparison
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